great energy and success. One of his earliest inventions was the self-tightening joint which enabled pressures to be developed and maintained far beyond those ever achieved by Amagat and his contemporaries. He next made a study of pressure-measuring devices and two of his earliest papers in 1909 describe the construction and operation of a primary free-piston gauge designed for pressures up to 6800 Kg/cm2 and a secondary gauge based upon the variation of electrical resistance of mercury with pressure. The primary gauge which incorporated a piston of only in. diameter depended for its sensitivity and accuracy upon a close fit between piston and cylinder and an accurate measurement of the effective area of the piston. Here his skill as a mechanic found full scope and he recounts, not without pride, that after some practice he was able to make two such piston and cylinder assemblies complete in one day. The probable accuracy of the gauge was estimated to be at least tl °/o and the sensitivity 2 Kg/cm2 at 7000 Kg/cm2 pressure. Two years later he described an improved design of primary gauge which enabled him to measure pressures up to 13 000 Kg/cm2, and a new secondary gauge based upon the electrical properties of the alloy manganin. The resistance of manganin was shown to be a linear function of pressure up to 12 000 Kg/cm2 and, by extrapolation, enabled pressure measurements to be made with some certitude to 20 500 Kg/cm2.
Armed with these new tools he embarked upon an extensive investigation of the thermodynamic properties of a wide range of liquids up to pressures of 12 000 Kg/cm2 and at temperatures between 20 and 80 °C. The results of this work, published between 1911 and 1915, provide an immense fund of data relating to compressibilities, changes of state and melting curves. It is of interest to note that among other discoveries he identified two new allotropic forms of ice and successfully measured their triple points and mapped their regions of stability. The results of this work revealed an unexpectedly complicated behaviour amongst liquids, in many respects the opposite of what might have been predicted from trends shown at lower pressures. Thus, for example, he found that in some instances compressibilities decreased with increasing temperature and increased with increasing pressure. The thermal expansions and internal energies also showed unexpected anomalies.
In an endeavour to interpret the results in the light of a simple theory of liquids Bridgman assumed that the molecules of a liquid exert pressure by virtue of two modes of action in the first of which they behave like moving centres of mass with kinetic energy and momentum and in the second like elastic solids. He also considered that shape factors become increasingly important at high pressures where the molecules are forced together and are constrained to adapt themselves to each other's irregularities and orientations.
Bridgman's next major work was concerned with the compressibility of solids, melting phenomena and the occurence of polymorphic transitions. In the case of the elements he confirmed T. W. Richards's conclusion that their compressibility is a strongly periodic function of atomic weight and drew attention to the great range of numerical values; caesium, for example, was found to be 240 times as compressible as carbon (diamond). The alkali metals, which have the largest volume compressions of any group of elements except the solidified rare gases, presented a number of unusual features which prompted Bridgman, at a later date, to extend the range of his observations to 100 000 Kg/cm2. Caesium was found to behave abnormally with respect to the other members of the group in that, apart from being the most compres sible, it showed two reversible volume discontinuities at 23 000 and 45 000 Kg/cm2. The lower transition is probably due to a lattice change from body-centred to close-packed face-centred; the second discontinuity, which gives a volume change more than nine times as large as the lower one, cannot be explained on the basis of a lattice change but may be attributed to some electronic rearrangement within the atom such as a change of an electron from 6s to a 5 do rbit. Later work also showed barium, bismuth and antimon to undergo transitions of the first kind due to lattice changes, bismuth having no less than five step-like discontinuities between 1 and 100 000 Kg/cm2. Between 1912 and 1915 Bridgman published results on the melting curves of solids which showed that, with the exception of bismuth, gallium and water, the curves rise with pressure. From this data he endeavoured to draw conclu sions as to the ultimate behaviour of the melting curve as pressure increases indefinitely. He found no evidence to support the existence of a critical point between liquid and solid, nor for the existence of a maximum, but concluded that the melting curves of all substances rise indefinitely at a continuously decreasing rate until pressures are reached at which new kinds of phenomena associated with the onset of atomic breakdown make their appearance.
He next extended his work to the measurement of the electrical resistance of metals and alloys and discovered a wide diversity of behaviour with increasing pressure. In general the resistance of those metals with high melting points such as iron, silver, copper and platinum showed a decrease with pressure whilst metals with lower melting points, such as aluminium, magne sium, zinc and lead showed an increase; but there were numerous exceptions to this behaviour scattered through the periodic table in a haphazard way.
From the point of view of the theory of liquids Bridgman considered that the changes in viscosity with pressure should have a special significance and between 1925 and 1927 he published viscosity data for water, mercury and some 50 organic liquids up to pressures of 12 000 Kg/cm2. He found that all liquids, with the exception of water, behaved qualitatively alike, the viscosity increasing with pressure at a rapidly increasing rate. In general the largest pressure effects were noted for those substances with the most complicated molecules and were probably due to an interlocking effect between the molecules which prevented the free motion of one layer over another.
The phenomenal output of the years 1909 to 1927 were largely the result of Bridgman's own personal efforts and his avoidance of all external commit ments. He had been elected Assistant Professor in 1913, Professor in 1919 and Hollis Professor of Mathematics and Natural Philosophy in 1926; but in spite of these academic appointments, which customarily involve heavy adminis trative responsibilities and teaching duties, he remained dedicated to the laboratory. It is recorded by one of his oldest colleagues that during his tenure of two Chairs of physics he was never once seen at a meeting of the faculty and rarely, if ever, served on a University Committee. Nor did he give many regular courses of lectures; he took little interest in formal teaching and his style of lecturing was staccato and disjointed: nevertheless those who sat under him were soon aware that they were being exposed to a rigorous and stimulating intellectual discipline which called for unusual exertions on their part.
It would give an entirely wrong impression of Bridgman to picture him solely as an inspired experimentalist; from the first he was fully alive to the importance of interpretation and his early speculations on the theory of the liquid and solid states, although now mainly of historic value, are evidence of his keen interest in the scientific implications of his work. As the scope of his researches widened he was fortunate in enlisting a skilled mechanic, M r C. Chase, who remained with him for many years and whose services were acknowledged in a number of his publications. He also from time to time allowed post-graduate students to participate in his work.
As Bridgman approached middle-age his life acquired a well defined pattern. He had married Olive Ware of Hartford, Connecticut, in 1912 and with the coming of their children, a son and a daughter, family life provided a serene background to his more serious preoccupations. He had purchased an old farm near Randolph at the foot of M t Adams in New Hampshire and for many years this supplied a variety of external interests of which gardening, mountaineering, photography and music were shared by his family circle and a few old friends. In later years his custom was to spend the winter months in his laboratory at Harvard and to devote the summer to tending his garden, writing scientific papers and engaging in those philosophic speculations of which he has left an account in several books and essays.
The writer is indebted to Professor B. Vodar for an interesting account of life at Randolph. Bridgman had constructed a cabin in the woods some 200 yards from the house and here, well away from the disturbing activities of his family and guests, he usually spent from four to five hours a day writing. The cabin had no telephone and his only visitors were bears that occasionally passed quietly in front of his window. In the early mornings and evenings he devoted one or two hours to gardening and after an early dinner sat with his family reading. He was a great lover of detective stories, of which he had a large collection. Professor Vodar refers to a journey he made by road to Randolph. Bridgman was a capable but very fast driver and in the words of Mrs Bridgman 'a car in front of him is something he had to pass'. 'He drove fast indeed', says Vodar with rather more feeling, ' just at the limit of safety but within the limit. ' In addition to his researches in the field of high pressures Bridgman was much concerned with the broader aspects of physical theory. In his book
The logic of modern physics published in 1927, he wrote: 'I have always through out all my experimental work, felt an imperative need of a better understand ing of the foundations of our physical thought and have for a long time made more or less unsystematic attempts to reach such an understanding.' These attempts indeed continued over a period of more than 25 years and it is interesting to trace through his publications the steps by which he was led to accept and elaborate the 'operational' point of view and to apply it to various situations. In a series of lectures given in 1950 in the Department of the History and Philosophy of Science at University College, London, he emphasized the role which verbal demands play, not only in the structure of formal theories but also as a tool capable of suggesting new experiments. He pointed out the fallacy that the operational criterion of meaning demands that the operations which give meaning to a physical concept must be instrumental operations. There is, he states, hardly any physical concept which does not enter to a certain extent into some theoretical edifice and which does not therefore possess, a non-instrumental component, or in other words, demands a 'mental' or 'verbal' operation. He then illustrated some of the consequences of the general operational approach with regard to the field concept, the concept of empty space and the nature of light. In his search for a connexion between ideas and their practical consequences Bridgman followed closely in the footsteps of the founders of the Pragmatic philosophy and might well have echoed the aphorism of W. James that 'thinking is first and last and always for the sake of doing'.
His book The intelligent individual and society written just before the outbreak of the Second World W ar attempts an analysis of social conditions in the hope of finding a parallel between the simple situations presented by physics and the more complex situations of daily life. He felt instinctively that in the general operational approach one could uncover suggestions that could be revolutionary in their implications for the complex social situations of the modern age. One detects an undercurrent of pessimism in his writing at this time. 'As I grow older', he says, 'a note of intellectual dissatisfaction becomes an increasingly insistent overtone in my life. I am becoming more and more conscious that my life will not stand intelligent scrutiny, and at the same time my desire to lead an intelligent well-ordered life grows to an almost physical intensity.' He had a conviction that there are certain general principles of behaviour which 'exist' in their own right and that although one could not be sure that they are truly general one should be prepared to adopt whatever course of action they might suggest. Indeed the last action of his life was a final and characteristic affirmation of this view point.
During the Second World War Bridgman undertook a number of investiga tions for the Watertown Arsenal on the plastic properties of metals under high stress. The results of this work suggested to him the possibility of con structing vessels to withstand pressures much greater than those determined by the elastic properties of simple or pre-stressed cylinders. He set about this new phase of his work with characteristic energy and in the Bakerian Lecture, delivered before the Royal Society in 1950, he described apparatus for generating pressures up to 100 000 Kg/cm2 and some of the results obtained by its use.
In 1950 he was appointed Higgins' University Professor and in 1954, at the age of seventy-two, Professor Emeritus. Retirement made little difference to his way of life. He continued his experimental work until shortly before his death, the last of his investigations, published in 1959, being on the compres sion and the a -/3-phase transition of plutonium.
Bridgman lived long enough to see a great revival of interest in highpressure phenomena. In recent years the possibility of studying the properties of matter up to static pressure of half a million atmospheres and the develop ment of dynamic shock-wave techniques leading to transient pressures of several million atmospheres have opened up wider horizons for the solid state physicist, the geologist and the metallurgist. The active exploration of these new fields owes much to his pioneering work and it must have been a great satisfaction to him to see it following in the experimental tradition of which he was such a remarkable exponent.
Bridgman's work was recognized by the conferment of many honours and distinctions. He was awarded the Nobel Prize for Physics in 1946 
